Organic foods: Nutritional quality: Scientific studies
Organic food is derived from crops or animals produced in a farming system that avoids the use of man-made fertilisers, pesticides, growth regulators and livestock feed additives (Institute of Food Science and Technology, 1999) . Organic farming systems rely on crop rotation, animal and plant manures, some hand weeding and biological pest control. Although the organic farming movement in the UK dates back to the Second World War (Daldy, 1940) , there has been a marked increase in the demand for organic foods over the past 5-10 years, with consequent growth of this niche market. At least in part, this demand appears to reflect consumer concern regarding the safety of food produced under intensive farming systems. A recent House of Lords Select Committee on European Communities (1999) report concluded that healthiness is a prime factor contributing to the willingness of the public to pay premium prices for organic food. In the UK MORI (Wright, 1997) reported that 60 % of the population would choose organic food if it was easily available and cost no more than conventional food.
Despite the widespread conviction held by the public that organic food is 'healthier' than foods produced using conventional farming, evidence to support this perception is difficult to identify. This difficulty arises because very limited research has been conducted and much of the available scientific data is out-dated or based on inadequate study designs.
The view that organic foods are 'healthier' than conventionally-produced foods appears to be based on the perception that organic foods have superior sensory attributes, contain lower levels of pesticides and synthetic fertilisers and have higher levels of nutrients and protective phytochemicals. Conversely, it has also been suggested that application of manure and reduced use of fungicides and antibiotics in organic farming could result in a greater contamination of organic foods by microorganisms or microbial products. These wider food safety and quality aspects have recently been reviewed elsewhere (Tinker, 2001 ). The present review will confine itself to Nutritional aspects of food safety data were for nitrate levels which were higher, and vitamin C levels which were lower, in conventional produce compared with organic produce. Twenty-five of forty-one studies showed higher levels of nitrate and twenty-one of thirty-six studies showed lower levels of vitamin C. Data were insufficient or inconclusive for most of the other vitamins analysed. In the case of minerals and trace elements levels found in organic produce tended to be either higher or the same as in conventional produce, with few studies showing lower levels in vegetables of organic origin (Table 1) .
Lampkin's (1990) review, which concluded favourably on the benefits of organic production, is less critical of the limited nature of the available data than those of Woese et al. (1997) and Worthington (1998) , and does not adequately address the scientific limitations of the comparative studies conducted to date. His review, as well as that of Woese et al. (1997) , refers to the use of 'photon emission measurements' to compare the quality of organic and conventionally-produced foods. This method appears to measure the intensity of light energy emitted by plant cells. A number of studies conducted at the Elm Farm Research Centre, Newbury, Berks., UK (Elm Farm Research Centre, 1989) , have used this method to demonstrate that organically-produced foods (e.g. carrots, onions) show higher photon emission than conventional produce. However, despite the claimed scientific credibility of this approach, it would undoubtedly be questioned with respect to its validity as a means of quantifying the nutritional quality of food. A statement made to support the relevance of photon emission findings reads: 'The higher level of light energy that a cell emits the greater its vitality and the potential for transfer of its energy to the individual that consumes it.' This statement and also one which refers to DNA 'as the source of light energy in plants', has no basis in science and does not accord with currently-accepted concepts of cell, food and human energy metabolism. In contrast, it is disappointing to note the complete lack of comparative studies of levels of plant phytochemicals in organic v. conventionally-grown produce. The considerable interest in potential protective health effects of non-nutrient components of foods, including flavonoids, phyto-oestrogens and glucosinolates, suggests a potent mechanism by which the two growing systems could yield plants of varying nutritional quality. Many of these components are produced by plants as stress responses or protective mechanisms against harmful pests or adverse growing conditions. It might therefore be expected that growing systems that differ considerably with respect to plant exposure to stressed conditions would lead to differences in the contents of these potentially-protective compounds. Future research in this area is not only warranted, but essential if credible scientific data that can support the possibility of enhanced nutritional properties of organic crops is to be provided to consumers.
Although there are serious limitations in the quantity and quality of the data described earlier, the reviews of both Woese et al. (1997) and Worthington (1998) show a trend for organic produce to have a higher nutrient content than conventional produce. However, although the weight of evidence at the present time is suggestive of higher nutrient quality of organic produce, this finding does not seem to apply to all nutrients or all crops, and further research of better quality than that currently available is needed to confirm these tentative conclusions. Some data may be explicable in terms of the reported higher water content of conventional crops. However, if this finding represents the major explanation, then a more consistent effect on levels of all the nutrients would be expected to be seen. The most consistent data are those available for vitamin C and nitrate, which support beneficial effects of organic production on levels of these nutrients.
Effects of agricultural methods on animal health
Few controlled intervention studies have compared effects of organic and conventionally-grown feeds on animal health in the long term, and many of the studies reported in the literature are extremely dated. Indeed, some of the studies were originally conducted in the 1920s and 1930s by scientists investigating 'essential growth factors' or vitamins. The early work of McCarrison (1926) showed that doves fed a supplement of millet grown using different types of fertiliser showed marked differences in weight gain over a period of 2 months. The best growth performance was seen in doves fed millet grown under cattle manure, whilst millet grown under mineral fertiliser supported much lower growth rates. Table 2 summarises studies conducted between 1926 and 1992 that have assessed either weight or reproductive performance of rodents or rabbits fed organic or conventionally-grown feed. As in the case of the nutrient composition data, caution should be used in placing excessive reliance on the findings, some of which have been published only in the form of results from dissertations. Insufficient data is available to present summary tables for species other than rodents and rabbits. Reproductive performance is generally considered a robust environmental health indicator because it is less affected by genetic determinants than other outcomes.
Only one study (Scheunert et al. 1934 ) observed worse performance in organically-fed animals (rats), although Scott et al. (1960) showed mice fed a mixed organic and conventional feed had poorer reproductive performance than those raised either on conventional or organic feed alone. A majority of the studies found that animals given organic feed fared better than those fed conventional feed. However, there is little internal consistency, even amongst the studies that have shown beneficial findings. Whereas some of the earlier studies in rabbits found clear evidence for reduced egg production and abnormal histology in conventionally-fed animals (Hahn et al. 1971; Aehnelt & Hahn, 1973) , other studies did not (Bram, 1974; Alter 1978; Meinecke, 1982) . One of the criticisms of the earlier studies is that the nutrient compositions of the diets were frequently different between the two groups. Recent studies have provided more rigorously-controlled nutrient conditions (Gottschewski, 1975; Edelmuller, 1984; Staiger, 1986) . However, even these studies have not demonstrated concordant findings, with some of the studies showing higher pregnancy and birth rates (Staiger, 1986) , whereas in other studies beneficial effects of organic feeds on numbers of live births were the dominant findings (Edelmuller, 1984) . The more recent studies in rodents have also tended to observe greatest effects on numbers of stillborn animals and on perinatal mortality (Neudecker, 1987; Velimirov et al. 1992) . Based on the data available from controlled animal feeding studies, there appears to be modest evidence to suggest that organic feed may have beneficial effects on animal health, particularly with respect to reproduction and pregnancy outcome. However, the small number of studies, the variability in the study designs and the dated nature of much of the animal work suggests conclusions cannot be drawn at the present time. The lack of internal consistency in the data is of particular concern. Furthermore, it is not at all clear from these studies whether any differences in reproductive performance that might exist can be attributed to differences in nutritional status of the animals, or whether the data reflect adverse effects of pesticide residues or other chemicals. The very small differences in nutrient contents of crops grown under the two systems that were discussed earlier (p. 20) would be very unlikely to provide a nutritional basis for the differences in reproductive performance in these animals.
Effects of agricultural methods on human health
There have been no post-war controlled studies that have compared effects of organic and conventional products on human health; such studies pose considerable problems of feasibility, cost and ethics. They would need to be carried out under very carefully controlled conditions over long periods of time, thereby limiting the number and type of subjects who would be eligible and available for study. A few observational studies of sperm quality in organic and non-organic farmers have been published, with one study showing lower semen counts in conventional farmers than organic farmers and the other study showing no difference between the two groups (Jensen et al. 1996; Juhler et al. 1999) . A few experiments conducted in Germany in the 1930s and 1940s compared effects on human health of foods produced using either organic or mixed (organic plus chemical) fertilisers. No effects were observed in experiments involving 260 adolescents (Wendt, 1943) or 300 adults (Reiter et al. 1938) . In later studies crops grown with mixed fertilisers were found to have more β-carotene and minerals but lower levels of B vitamins than crops grown organically. No effects of these products on blood variables were observed in adults, although in infants there was a higher daily growth rate and higher serum β-carotene in children fed on crops grown under mixed fertiliser conditions (Dost & Schupan, 1944; Schupan, 1972) . Lack of relevant dietary data, heterogeneity in the study populations and limited information on growing conditions of the foods used means that much of this early data cannot be scrutinised according to current scientific criteria. For this reason no valuable inferences or interpretations can be derived from these studies.
Conclusions
There have been very few scientific studies in which foods grown conventionally have been compared, under comparable and controlled conditions, with those produced organically, in terms of their nutrient composition or their 
